Abstract. We d e m onstrate new methods for the control of DNA hybridization: formation of a loop with a protective s trand is used to inhibit hybridization, and a DNA catalyst that opens the loop is used to catalyse hybridization. A combination of inhibition and catalysis will allow c o n trol of the bonds formed between elements of a self-assembled structure. We a lso demonstrate a new class of nanomachine, made of DNA and using the hybridization of DNA as a source of chemical energy to produce repeated movement.
Introduction
The free energy released by h ybridization of two DNA strands depends sensitively on their base sequences it is possible to nd large sets of quasi-orthogonal strands within which only strands with completely complementary sequences will form stable duplexes 1]. This speci city m a y b e exploited to implement m a s sively parallel computational schemes 2]. Hybridization of DNA also has great potential for the engineering of nanostructures: complicated two-and three-dimensional structures have b een made entirely from DNA 3, 4, 5] a nd DNA tags have b een used to bind colloidal particles together 6, 7] . The range of potential uses for DNA structures was increased by t he demonstration of DNA-templated growth of metal wires 8] and semiconductor nanocrystals 9] a n d of a DNA device in which conformational changes may b e i n d u c e d b y c hanging the bu er solution 10] . In this paper we c o n tribute to the exploration of DNA as an engineering material in two ways 11]: we d emonstrate catalytic control of the hybridization of complementary strands, a technique which may lead to new strategies for self-assembly and we introduce a new class of active DNA devices that use DNA both as a structural material and as a fuel.
Protected Self-Assembly
The speci city of DNA hybridization may be exploited to control the interactions between very large numbers of DNA-tagged nanoscale objects as shown schematically in Figure 1 (a) each b ond is formed by t h e h ybridization of complementary tags. First demonstrations of DNA-controlled self-assembly have b e e n o nly partially successful in creating ordered structures, however 5, 6] . A f undamental problem arises when it is necessary to make more than one bond to incorporate an object into the designed structure, and when more than one object is tagged with the same DNA sequence in this very general case the nal structure may n o t c 0000 (copyright h older) 171 Figure 1 . (a) Self-assembly by hybridization of DNA tags attached to colloidal particles. (b) A defect is about to be created because the tags are not unique: the circular element h a s already been linked to two d i a m o nds and will form only two o f t h e three bonds required to hold it in place correctly. (c) Protected self assembly: hybridization is inhibited by s econdary loop structure and catalysed at the growing surface of the device. be uniquely determined. Figure 1 (b) illustrates this problem: the circle that has arrived at the growing surface of the structure is about to be incorporated at a site anked by t hree diamonds, but a pre-existing bond between the circle and another diamond will prevent proper insertion. Slow growth at a temperature near the melting point o f t he duplex DNA strands linking particles will reduce the concentration of defects 5] but quasi-reversible growth is necessarily slow a simulation of two-dimensional self-assembly found an inverse relationship between growth rate and the expected size of error-free structures 12]. We p r o p ose an alternative technique, protected self-assembly, which is shown schematically in Figure 1(c) . This strategy has two k ey elements: (i) protect DNA tags from hybridization with their complements by t he formation of metastable secondary structure (ii) catalyse hybridization when the strands arrive a t t he designed location on the growing surface of the self-assembled structure. As we d escribe below, we h a ve d emonstrated both protection and catalysis by using auxiliary DNA strands both to inhibit hybridization by l oop f ormation and to catalyse hybridization by l oop o p ening.
Reactions in which the hybridization of two complementary strands is inhibited by a protection strand, already hybridized to one of them.
2.1. Metastable secondary structure. We b e g in this section by d i s cussing the simple strand-displacement r eaction shown in Figure 2 (a). Hybridization between complementary strands S and S is inhibited by a protection strand P, a truncated copy of S which has already hybridized to S. Bases in the overhang section of S, which are unpaired in the initial state, are hybridized in the SS duplex, reducing the free energy of the nal state and driving the reaction to nearcompletion. Strand displacement i s initiated by h ybridization at the overhang and procedes by b ranch m igration, a random walk of the junction between the competing strands S and P until strand P is completely displaced 13]. half-completion of 1s for 1 M r eactant c o n centrations. In this con guration the protection strand is ine ective a t i nhibiting hybridization between S and S.
Our strategy for inhibiting hybridization between complementary strands is shown in Figure 2 (b) and (c). The protection strand Q is designed to hybridize with strand L to form a loop. Table 1 gives the base sequences for the system Figure 2(c) shows an even more e ective p rotection strategy both strands L and L are protected (complex QL is complementary to complex QL). Strands L a We estimate the free energy di erence between initial and nal states using`Mfold' secondary structure prediction software 23, 2 4 ]. The predicted corrections to the free energies of the initial and nal states due to unintended secondary structure are approximately equal so the estimated energy di erence between these states is equal to the di erence between the designed numbers of base pairs (40) multiplied by the mean energy per base pair (-1.8 kcal mol ;1 at
C 23])
b Standard reaction conditions for all experiments described in this paper were T = 2 0 C i n SPSC bu er: 50mM Na 2 HPO 4 and 1M NaCl at pH 6.5.
c TET uorescence was excited with the 514.5nm line of an argon ion laser and selected by a n interference lter with bandpass 10nm centred at 540nm. Strands L and L were titrated against Q using dye q uenching as an indicator 26]: TET emission increases as L is added to Q until the Q;L reaction is complete emission decreases again as L is displaced from the QL complex by addition of L (the reactants were annealed for 4 minutes at 80 C a f t er each a d d i t ion of L). We e s t i m ate an error of 10% in determining relative c o n centrations. Absolute concentrations were obtained from uv absorption measurements by t he commercial supplier of the oligonucleotides from our measurements of relative c oncentrations we e s t i m ate that the error in absolute concentrations is of order 30%. Reactants (L and the QL complex) were mixed to give equal initial concentrations c = 1 M. The reaction was followed for 10 5 s, after which t h e r e actants were annealed for 4 minutes at 80 C t o c heck that the reaction was complete and to determine the uorescence intensity a t the end point I1. The second-order rate constant f o r t h is reaction k 2 was obtained by tting the uorescence intensity d ecay curve t o t h e f u nction I(t) = ( Io ; I1) = (1+k 2 ct) + I1 which i s appropriate for a second-order reaction between reactants of equal concentration. and L now cannot twist around each other without opening at least one of the loops. We h a ve e stablished a lower limit to the time to half-completion for reaction between the complexes at 5 M concentration of 6 10 4 s. In this reaction the uorescence intensity i ncreases with time because the ends of strand Q are further apart when it is hybridized with Q than in the QL complex. The time-dependence of the uorescence during this reaction is not well represented by either rst-or second-order decay kinetics.
We h a ve e s t a b lished above t hat it is possible to increase the reaction time for hybridization of complementary strands of DNA by ve orders of magnitude by use of secondary loop structures as shown in Figure 2 (b) and (c). To complete the demonstration of the elements of our strategy for protected self-assembly we m ust now show t h a t i t i s p o s sible to catalyse hybridization of the protected strands at the growing surface of a self-assembled structure. 2.3. Implementation of Protected Self-Assembly. We h a ve s h o wn above that we are able to use a DNA strand to catalyse the hybridization of strands whose interaction is otherwise inhibited by d esigned secondary loop structure. We have therefore demonstrated the two key types of control required to implement protected self-assembly: we may both inhibit and reactivate the hybridization of complementary strands of DNA. Our strategy for the implementation of protected self-assembly is to ensure that all DNA tags attached to elements of the structure are initially protected from hybridization by t he formation of secondary loops. After growth has been initiated, either by thermal activation or by seeding with a small number o f c atalyst strands, each h ybridization reaction that links a new element t o t h e growing structure will release the sequence required to catalyze the formation of the next bond from a protected position in a loop. Research o n t he use of this catalytic control of DNA by DNA to produce an ordered self-assembled structure is in progress.
Molecular Tweezers
The rst active DNA device relied on a B-Z phase transition (from a right-to a left-handed double helix) of a short DNA duplex the transition was induced by a c hange in the composition of the bu er solution 10]. We i n troduce a new type of active device in which t h e h ybridization of DNA is used as a source of chemical energy to produce motion.
The Rate constants were derived from uorescence intensity d ecay curves as described above. Error bars include uncertainties in relative c o n centrations and due to the curve tting procedure they do not take i n to account t he systematic error due to uncertainty i n t h e a b solute concentration of the reactants which h a s n o e ect on the relative v alues of the rate constants. The decrease of the rate constant a t h igh catalyst concentrations is signi cant. The base sequences chosen for the three strands are given in Table 1 . The tweezer structure is formed by m ixing stoichiometric quantities of strands A, B and of strands that accompanies strand exchange. The high stability o f t h e tweezers, even in the closed state where the hinge region is likely to be strained, indicates that the A, B and A, C duplexes are not severely disrupted when the tweezers are closed. We h a ve also checked that when one of the tweezer components B, C is left out changes in uorescence intensity due to successive additions of F and F are less than 8% of the change achieved with the complete structure, and that there is no observable interaction between unhybridized strand A and either F or F. We conclude that unanticipated interactions between strands are weak and that, when the machine is fully assembled, the observed changes in uorescence intensity a r e caused by the machine operating as designed.
Conclusions
We h a ve d emonstrated that hybridization between complementary strands of DNA may b e inhibited by t he deliberate formation of loop structures. Hybridization may b e t r i ggered by t he presence of a catalyst strand of DNA which o p e n s t h e l o o p by a strand-displacement r e a c t ion. Inhibition and catalysis of hybridization are key elements of a strategy for protected self-assembly: DNA bonding between elements of a self-assembled structure may b e c o n trolled by catalyst strands present a t the growing surface of the structure.
We have also demonstrated a simple nanomachine constructed of DNA that uses DNA as a fuel. Our tweezer structure allows the separation between two d y e molecules to be changed repeatably on a nanometre length scale a similar structure could be used to investigate the interaction between chemically active components attached to the ends of the tweezers or, if combined with a DNA cage 3], to alternately hide and reveal a target molecule. More sophisticated devices based on this principle may include, for example, levers made of the rigid double-crossover structures demonstrated by S e eman and co-workers 34] to increase the force exerted, rotary motors in which t he rotor is pulled sequentially to points spaced around a stator, and free-running machines using metastable DNA loops as fuel. Because the binding between fuel and machine is sequence-speci c the DNA strands that act as fuel may a l s o s erve a s information carriers to coordinate components of a complex machine or to carry signals between machines. The use of DNA fuel allows precise control of movements on a nanometre length scale without prodding by a s c a n ning microscope tip it makes possible coordinated motion of between 2 and 10 18 (or more) devices which m a y incorporate elements chosen for their biochemical, optical or electrical properties. Controlled motion provides exciting new degrees of freedom in the design of nanostructure devices. e Oligonucleotides were supplied by Integrated DNA Technolgies, Inc strands A and Q were HPLC puri ed, other strands were PAGE puri ed. Strands A and Q were dye l a b elled 5' TET, 3' TAMRA (NHS ester hand tagged) by t h e m a n ufacturer. 
